Polypeptide library screening technologies are critically dependent upon the characteristics of the expression system employed. A comparative analysis of the lpp-lac, tet and araBAD promoters was performed to determine the importance of tight regulation and expression level in library screening applications. The surface display of single-chain antibody (scFv) in Escherichia coli as an Lpp-OmpAЈ fusion was monitored using a fluorescently tagged antigen in conjunction with flow cytometry. In contrast to the lpplac promoter, both tet and araBAD promoters could be tightly repressed. Tight regulation was found to be essential for preventing rapid depletion of library clones expressing functional scFv and thus for maintaining the initial library diversity. Induction with subsaturating inducer concentrations yielded mixed populations of uninduced and fully induced cells for both the tet and araBAD expression systems. In contrast, homogeneous expression levels were obtained throughout the population using saturating inducer concentrations and could be adjusted by varying the induction time and plasmid copy number. Under optimal induction conditions for the araBAD system, protein expression did not compromise either cell viability or library diversity. This expression system was used to screen a library of random scFv mutants specific for digoxigenin for clones exhibiting improved hapten dissociation kinetics. Thus, an expression system has been developed which allows library diversity to be preserved and is generally applicable to the screening of E.coli surface displayed libraries.
Introduction
Polypeptide library screening relies on the expression of a mutant library in a host organism followed by the isolation of clones exhibiting a desired trait, usually catalytic activity or binding to a ligand. In the screening of protein libraries, the ability to control and fine-tune the synthesis of the protein in a host cell is critical. Tight regulation is required because constitutive, high-level expression can cause host toxicity and, consequently, loss or under-representation of desired library members (Georgiou et al., 1997; Bradbury, 1998) . Differential growth rates among various clones, resulting from unregulated protein expression, can decrease the library screening efficiency. For example, a mixture of different library members is often enriched for the desired trait using multiple rounds of screening and culture. Therefore, more rapidly growing clones can become over-represented during culture despite the fact they are not specifically enriched by the screen or selection. Combinatorial protein library screening is also dependent upon the ability to fine-tune both the rate of protein expression and the final accumulation level. This is necessary to provide a homogeneous expression level throughout the cell population while avoiding cell toxicity and adverse effects on library diversity. An expression system that satisfies the above requirements would be useful not only for library screening applications but also for the production of toxic and poorly soluble proteins (Chanal et al., 1998) , including membrane proteins (Miroux and Walker, 1996) .
Various expression systems are available for the regulated production of recombinant proteins in E.coli (de Boer et al., 1983; Brosius et al., 1985; Skerra, 1994; Guzman et al., 1995; Lutz and Bujard, 1997) . These systems have been exploited for the production of highly toxic proteins (Lutz and Bujard, 1997) and for bacterial physiological studies (Guzman et al., 1995) . Promoters employing the lac operator, including the lac, trc and tac promoters, are frequently used for protein expression. However, these promoters are poorly repressible. For example, the hybrid lpp-lac promoter (Nakamura et al., 1982) allows the accumulation of 30 000 protein molecules per cell, even in lacI q hosts (Francisco et al., 1993; Chen et al., 1996) . Upon induction with IPTG, the expression level increases dramatically, causing severe growth inhibition and reduced viability in a protein-dependent manner (Francisco et al., 1992; Dong et al., 1995) . Recently developed expression systems derived from the araBAD and (Tn10) tet operons possess the desirable characteristics of tight regulation and efficient, reversible induction. The tetracycline resistance (tet) promoter can be induced with anhydrotetracycline (aTc) and has been reported to be very tightly repressed in the absence of inducer (Skerra, 1994) . The P tet system has the advantage over lac promoter-based systems, of being insensitive to catabolite repression and endogenous repressor concentrations (Leon et al., 1988) . This system alleviated growth defects and prevented the cell lysis observed with a lac promoter derivative in the expression of a murine Fab antibody fragment (Skerra, 1994) . The arabinose inducible araBAD promoter is also tightly regulated, allowing strong repression in the presence of glucose and moderate expression upon addition of arabinose in the absence of glucose (Guzman et al., 1995) . Tightly regulated hybrid expression systems derived from combinations of the lac, tet and ara regulatory elements have also been described. In particular, a hybrid lac-ara promoter was estimated to result in the production of only one RNA every third generation in the absence of inducer (Lutz and Bujard, 1997) . By adding different concentrations of inducer, the activity of a luciferase reporter gene could be varied over a 3000-fold range. However, in these studies, activity was determined macroscopically for the entire cell population. Thus, it is unclear whether intermediate levels of inducer yield a population in which individual cells have uniform, intermediate expression levels. Indeed, Siegele and Hu (1997) demonstrated with the araBAD system that subsaturating concentrations of arabinose result in mixed cell populations of uninduced and fully induced cells. Intermediate expression levels were shown to reflect a population average dependent upon the ratio of induced and uninduced cells rather than the expression level per cell. This result emphasizes the importance of expression level measurement in individual cells, since techniques performed with cell suspensions or whole cell lysates yield only population averages.
In cell surface display technologies, protein libraries displayed on the surface of bacteria or yeast are screened by fluorescence-activated cell sorting (FACS) to isolate clones that bind to fluorescently labeled ligands with high affinity and specificity (Francisco et al., 1993; Boder and Wittrup, 1997b; Georgiou et al., 1997; Daugherty et al., 1998) . With current high-speed cell sorters, 10 8 cells can be screened quantitatively in 1 h, a throughput similar to that obtained in phage library selections. Thus, cell surface display coupled with FACS provides an important alternative display technology for protein engineering. Phage display formats designed for sensitive affinity selections rely upon a single molecular binding event or 'monovalent display' through gpIII fusions. In contrast, cell surface formats achieve typically 10 4 -10 5 copies per cell. Consequently, stochastic variations in stability or expression level do not interfere with cell surface library selections. Surface display of an scFv antibody can be achieved in E.coli using a Lpp-OmpAЈ fusion (Francisco et al., 1993) and monitored using an appropriate fluorescently-tagged antigen. Therefore, the expression of functional scFv can be readily evaluated by flow cytometry (Francisco et al., 1993; Daugherty et al., 1998) , which is a quantitative, single-cell analytical technique that is ideally suited to characterize the heterogeneity of protein expression levels in cell populations (Davey and Kell, 1996) . Here we report the development and flow cytometric analysis of expression systems for screening of polypeptide libraries using E.coli surface display. Tightly regulated vectors suitable for E.coli surface display and library screening applications were constructed using the tet and araBAD promoters. The effects of a variety of expression parameters such as inducer concentration, growth temperature and induction time were examined, leading to optimized induction conditions for the production of viable cell populations that are homogeneous with respect to scFv expression level. An expression system based on the araBAD promoter was found to be well suited for preserving library diversity while providing a sufficiently high expression level upon induction to allow efficient screening of the library by FACS. Using this system, libraries of randomly mutated scFv antibodies were screened by flow cytometry to isolate clones with improved hapten dissociation kinetics.
Materials and methods

Bacterial strains, reagents and plasmids
The following E.coli strains were used:
[F -∆lacC74 galE galK thi rpsL ∆phoA (PvuII)] ∆ara714 leu::Tn10). XL1-Red was obtained from Stratagene (La Jolla, CA). DM2516 (Zaf13 Tn10 MutD5) was a generous gift from I.Molineux. Primers were obtained from Genosys (The Woodlands, TX) and restriction enzymes from Promega 614 (Madison, WI). Anhydrotetracycline hydrochloride was purchased from ACROS (Geel, Belgium). BODIPY-digoxigenin was prepared as follows: 1 mg of BODIPY-FL-EDA from Molecular Probes (Eugene, OR) was dissolved 1 ml of 50 mM sodium carbonate buffer (pH 8.0) and 1 mg of 3-amino-3-deoxydigoxigenin hemisuccinamide succinimidyl ester (Molecular Probes) in 500 µl of DMF was added dropwise. The reaction mixture was stirred at room temperature for 4 h, added to 9.5 ml 0.07% aqueous trifluoroacetic acid (TFA) and purified by reversed-phase FPLC using a PepRPC 15 µm column from Pharmacia (Piscataway, NJ) with acetonitrilewater buffered with 0.07% TFA. The major product was concentrated under reduced pressure, dissolved in 2 ml of MeOH and analyzed by HPLC for purity.
The plasmid pSD192 has been described elsewhere (Daugherty et al., 1998) . pSDtet was constructed by ligation of the 1.2 kb XbaI/BamHI partial digestion fragment from pTX152 into XbaI/BamHI digested pASK75 (Skerra, 1994) . pB30D and pB18D were constructed from pBAD30 and pBAD18, respectively, by PCR amplification of the entire Lpp-OmpAЈ-scFv-cat fragment from pSD192 using primers 1 (5Ј-ACCAACAACATCGGTGACGCACAC) and 2 (5Ј-GC-ATGCAAGGGCACCAATAACTGCCTTA). The resulting PCR product was digested with XmaI and SphI and ligated to similarly treated pBAD30 or pBAD18. The sequences of the PCR amplified Lpp-OmpAЈ and scFv(dig) encoding genes were confirmed by DNA sequencing.
Cultures were grown in 10 ml of LB medium supplemented with chloramphenicol (15 µg/ml) and ampicillin (75 µg/ml) in 125 ml shake flasks at 37°C. For expression, 37°C overnight cultures were subcultured 1:100 into identical medium and grown at 25°C (Daugherty et al., 1998) .
Flow cytometric expression assay
Overnight cultures were subcultured 1:100 into medium supplemented with the appropriate antibiotics, grown to early log phase (OD 600 ϭ 0.2-0.4) and arabinose or anhydrotetracycline (aTc) was added at the specified concentration. After 6 h or as otherwise specified, 40 µl of cells were harvested and diluted into 960 µl of sterile-filtered PBS (pH 7.2) with BODIPY-digoxigenin at a final concentration of 100 nM. After incubation at 25°C for 45 min with gentle shaking, the cells were pelleted by centrifugation at 3000 g for 4 min, resuspended in PBS and analyzed immediately (Ͻ5 min ) by flow cytometry.
Viability assays
Cell viability was estimated from the fraction of cells that fluoresce strongly in the presence of propidium iodide (PI) or oxonol as described previously (Jepras et al., 1995) . PI (5 µg/ ml) was added to cells resuspended in PBS (10 7 cells/ml). For oxonol staining, cells were aliquoted from bacterial cultures into PBS (10 7 cells/ml) with oxonol (10 µg/ml). Cells were analyzed by flow cytometry after a 10 min incubation at room temperature.
Library construction
Plasmid DNA was transformed into DM2516 by electroporation or into XL1-Red following the manufacturer's protocol. After a 1 h incubation in 1 ml of SOC medium, 50 µl aliquots were subcultured separately into 50 ml of LB medium supplemented with the appropriate antibiotics and grown to stationary phase. Plasmid DNA was isolated after growth for a specified number of generations and transformed into the non-mutator host JM109 or LMG194 for flow cytometric analysis. The scFv(dig) and a short fragment from the cat gene were also randomized using error-prone PCR with primers 1 and 2, essentially as described (Cadwell and Joyce, 1992) , with the exception that MgCl 2 was used at a final concentration of 1.5 mM. Error-prone PCR products were digested with EcoRI, ligated into EcoRI digested pB30D and transformed into LMG194, to yield a library of 3ϫ10 5 transformants. The error rate was estimated to be 0.22% by sequencing 2310 bp, from seven randomly picked colonies, in both directions.
Library screening
Randomized scFv libraries were screened by FACS as described previously (Daugherty et al., 1998) . Plasmid libraries were transformed into LMG194 by electroporation and cultures were grown overnight at 37°C. The library was subcultured 1:100 and regrown at 25°C. At an OD 600 of 0.4-0.6, the culture was induced with 0.2% arabinose and incubated an additional 6 h at 25°C with shaking. Cells (40 µl) were harvested into PBS (960 µl) with BODIPY-digoxigenin at a final concentration of 100 nM and incubated for 45 min. The cells were pelleted by centrifugation and resuspended in PBS to give a FACS throughput rate of 2000 events/s. In rounds one and two, 2ϫ10 6 cells were sorted in recovery mode and the most fluorescent 0.1-0.5% of the population was recovered and regrown in 15 ml of SOC medium. In the third and fourth rounds, cells were washed twice with PBS, incubated for 20-30 min with 2 µM digoxin as a competitor and 1ϫ10 6 cells were sorted (1000 s -1 ) in exclusion mode to achieve high purity. Sorted cells were grown in SOC medium and plated to isolate colonies. The dissociation rate constants for individual clones were determined by flow cytometry as described (Daugherty et al., 1998) .
Results
Constitutive expression of an Lpp-OmpAЈ-scFv fusion from an lpp-lac hybrid promoter
Cell surface display of an anti-digoxin single-chain Fv antibody has been demonstrated previously using a gene fusion consisting of amino acids 1-9 of the E.coli major lipoprotein followed by amino acids 46-159 of the outer membrane protein OmpA (Francisco et al., 1993) , which constitutes five transmembrane β-strands of an eight-stranded β-barrel (Pautsch and Schulz, 1998) . This fusion protein, termed Lpp-OmpAЈ-scFv(dig), was originally expressed from the IPTG-inducible lpp-lac hybrid promoter. Expression of the Lpp-OmpAЈ-scFv(dig) can be monitored using flow cytometry after a brief incubation with the fluorescent conjugate BODIPYdigoxigenin. Thus, single-cell expression levels can be measured rapidly and quantitatively (Daugherty et al., 1998) .
We first examined the effect of culture temperature and duration upon the surface display of scFv(dig) in the absence of induction. Growth at 37°C resulted in an approximately twofold increase in fluorescent labeling, relative to background cellular autofluorescence ( Figure 1A ). At 30°C, the level of labeling was fivefold above background signals. Growth at 25°C resulted in further increases in scFv(dig) display levels and yielded a fluorescence signal about 15-fold above background. Reducing the temperature further to 18°C resulted in a lower mean cellular fluorescence compared with 25°C. Uninduced cultures of JM109/pSD192 grown at 25°C grew slowly with a doubling time of 75 min and reached a final OD 600 of 1.5. The viability and Lpp-OmpAЈ-scFv(dig) display level were found to be highly dependent on the age of the culture ( Figure 1B and C) . The mean fluorescence intensity (MFLI) was about 100 during the exponential phase, but increased significantly as the cells entered the stationary phase ( Figure 1B) . Cells harvested and labeled shortly after entering stationary phase were highly fluorescent, having MFLI ϭ 150. However, relative culture viability, as estimated using oxonol staining (Jepras et al., 1995) , decreased with time and correlated roughly with the expression level, presumably owing to toxicity associated with Lpp-OmpAЈ-scFv(dig) ( Figure 1C ). Using the lpp-lac promoter, the Lpp-OmpAЈ-scFv(dig) fusion is expressed at (3-5)ϫ10 4 copies per cell owing to poor repression (Chen et al., 1996; P.S.Daugherty, B.L.Iverson and G.Georgiou, unpublished data) . Induction with IPTG caused complete growth inhibition and drastically reduced cell viability (Francisco et al., 1993) , further indicating that very high levels of expression are toxic.
In the above experiments, cultures were grown in rich medium (LB) supplemented with glucose. In LB medium supplemented with 0.2% (w/v) glucose the mean fluorescence increased by 50% (data not shown). Under these conditions the pH of the medium decreased to 5.0, presumably because the production of acetic acid overcomes the weak buffering capacity of LB medium. The addition of HEPES buffer to maintain the LB-glucose medium at pH 7.4 resulted in a lower mean fluorescence intensity relative to that in unbuffered cultures, suggesting that a lower pH is beneficial to scFv(dig) display.
Tightly regulated scFv expression
To determine the importance of a tightly regulated protein expression system in library screening applications, display vectors were constructed from the tet and araBAD expression systems (Skerra, 1994; Guzman et al., 1995) . The Lpp-OmpAЈ-scFv fusion was cloned downstream of the tet promoter ( Figure  2A ) and the display level of functional scFv was determined by flow cytometry ( Figure 3A ). Overnight cultures were subcultured at 25°C, grown to mid-log phase and induced with a range of aTc concentrations from 0.2 to 200 ng/ml. Cultures induced with 20 ng/ml aTc or higher ceased to grow and the cells began to lyse ( Figure 3B ). Induction with 2 ng/ml aTc allowed cell growth to proceed at a rate similar to that of uninduced cells. However, under these conditions, flow cytometric analysis revealed that the majority of the population remained uninduced with a small fraction of the cells expressing high levels of scFv and exhibiting high fluorescence. Induction with 10 ng/ml also yielded a mixed population of either fluorescent 'on' or non-fluorescent 'off' cells (data not shown).
616 Under fully induced conditions (i.e. 200 ng/ml), the fraction of non-viable, PI-positive cells was typically above 50% (data not shown). Non-viable cells exhibited higher fluorescence upon staining with BODIPY-digoxigenin, consistent with the idea that high-level expression results in cell toxicity.
To express the Lpp-OmpAЈ-scFv fusion from the arabinose promoter, the entire Lpp-OmpAЈ-scFv gene was cloned into pBAD30 (p15A origin) and pBAD18 (ColE1 origin), yielding pB30D ( Figure 2B ) and pB18D, respectively. The time course of scFv induction from pB30D was analyzed by flow cytometry in E.coli strain JM109. JM109 is an ara ϩ strain capable of metabolizing arabinose and, thus, is expected to maintain a lower intracellular concentration of inducer than an arastrain. Cultures induced with 0.6% (w/v) arabinose reached a maximum fluorescence 30 h after induction ( Figure 4A) . Expression from the araBAD promoter was not detrimental to cell growth or viability. Moreover, induced cultures grew at the same rate as uninduced cultures. The final OD 600 of induced cultures grown in LB medium was Ͼ8.0. Induced cultures actually reached a higher final OD 600 than non-induced cells because the inducer, arabinose, served as an abundant carbon source (data not shown). Expression of scFv(dig) from pB18D, based on a pBR322 origin, was also analyzed. JM109/pB18D reached the maximum fluorescence at about 10-12 h and cell viability remained high (Ͼ85%) (data not shown).
Relative to the ara ϩ host JM109, induction of scFv expres- sion from pB30D was achieved more rapidly in the ara -host, LMG194 (∆ara714) ( Figure 4B ), which is able to transport but not metabolize arabinose. Maximum fluorescence signals were obtained 6-7 h after induction, with arabinose concentrations in the range 0.002-0.2% (w/v). As shown in Figure 4B , viability began to decline when cultures reached maximum fluorescence. However, addition of 0.2% glucose 6 h after induction with 0.002% (w/v) arabinose, to repress P BAD , prevented cell viability from decreasing below 80% (data not shown). It was of interest to determine whether expression at the single cell level could be adjusted to levels intermediate between those of uninduced and fully induced states. The addition of arabinose at concentrations between 10 -5 and 10 -3 % (w/v) did not result in the desired intermediate levels of expression, but rather in mixed populations of uninduced and induced cells ( Figure 5A ), similar to those obtained with the tet promoter ( Figure 3A) . The ratio of uninduced to induced cells was dependent upon the inducer concentration ( Figure  5A ). For example, induction with arabinose at a concentration of 0.002% for 2 h resulted in a cell population in which about 20% of cells appeared to be fully induced, while the remaining cells were non-fluorescent ( Figure 5B ). Prolonged induction appeared to induce cell death ( Figure 4B ). In contrast, when cultures were grown with saturating concentrations of arabinose (Ͼ0.005%) and cell fluorescence was monitored as a function of time, the expression level was found to be relatively uniform and increased slowly until it reached a maximum. Thus, under these conditions, homogeneous cell populations expressing intermediate levels of Lpp-OmpA-scFv could be obtained by harvesting the cells at different time points (Figure 6 ). This latter result was true for both ara -and ara ϩ strains, but was more evident in the ara ϩ strain JM109 which required an extended induction time (28 h) before maximum expression could be reached. Although the mean expression level was found to be dependent on time in a non-linear manner (data not shown), intermediate expression levels could be obtained uniformly in a reproducible manner using time rather than inducer concentration as the control parameter.
Effects of expression conditions on maintaining library diversity
We next evaluated the relative benefit of regulated expression on maintaining library diversity in cultures propagated for many generations. For this purpose, scFv libraries were created by propagation of plasmids containing the Lpp-OmpA-scFv gene in the bacterial mutator strain XL1-Red. The use of bacterial mutator strains for random mutagenesis has been described previously (Irving et al., 1996; Low et al., 1996) , allowing affinity improvements of 100-fold after repeated cycles of mutation and selection (Low et al., 1996) . In a given library, many mutations will give rise to polypeptides that are less toxic to the host. For example, nonsense and frameshift mutations that result in truncated polypeptides were found to confer improved host viability and growth rate relative to the wild-type strain (data not shown). Since growth rates and viability vary within a library population, less toxic and nonexpressing clones predominate in culture and reduce the representation frequency of potentially desirable mutants. Library diversity can be maintained only if expression is tightly repressed to the extent that the desired functional mutants grow at the same rate as non-expressing cells.
Library degeneration was evident in a cell population expressing various Lpp-OmpAЈ-scFv(dig) mutants from the leaky P lpp-lac promoter. Libraries were generated by propagating plasmid pSD192 in the E.coli mutator strain XL1-Red for 100 generations. Plasmid DNA was then isolated, transformed into a non-mutator strain and the library diversity was analyzed by flow cytometry. The level of mutagenesis obtained with XL1-Red is low and therefore the fluorescence distribution of the population is essentially indistinguishable from that of cells propagated in a non-mutator strain provided that expression is tightly repressed (Boder and Wittrup, 1997a) . However, as can be seen in Figure 7A , only a small fraction of the cells containing pSD192 could be labeled with the fluorescent probe, revealing that the majority of the population did not express functional Lpp-OmpA-scFv(dig) after 100 generations. This result was not dependent upon the particular mutator strain used since another mutator strain (DM2516) gave similar results (data not shown). Similarly, a steady decrease in the number of highly fluorescent cells was observed in libraries, generated by oligonucleotide cassette mutagenesis (Arkin and Youvan, 1992) , that were propagated for 100 generations (data not shown). The percentage of fluorescent cells in the population decreased more rapidly when cells were cultured under typical conditions for high level display at 25°C (data not shown).
In contrast to the lpp-lac promoter, tight repression of LppOmpAЈ-scFv(dig) expression obtained using the tet promoter prevented the loss of high-affinity clones during library expansion. Specifically, XL1-Red cells were transformed with a plasmid in which Lpp-OmpAЈ-scFv(dig) had been inserted downstream from P tet and propagated for~100 generations under non-induced conditions. The plasmid was isolated, transformed into a non-mutator strain as above and the culture was induced with aTc. Unlike the results shown in Figure 7A , the resulting cell population retained predominantly wild-type levels of BODIPY-digoxigenin binding ( Figure 7B ). This is entirely consistent with the level of mutagenesis expected from XL1-Red, which is estimated to be~10 -6 mutations/kb/ generation (Boder and Wittrup, 1997a; Greener et al., 1997) . With this mutagenesis rate, 100 generations are expected to result in less than one mutation per Lpp-OmpAЈ-scFv gene. Given that a substantial fraction of these mutations will be either silent or conservative, the large majority of the clones are expected to be functional, as was found to be the case. Unfortunately, upon induction of Lpp-OmpAЈ-scFv fusion protein expression with aTc, the viability of the culture rapidly dropped below 50%. Consequently, when the induced culture is sub-cultured in growth medium, non-expressing cells rapidly predominate ( Figure 7C ). To illustrate this problem, the fluorescent cell population shown in Figure 7B was washed with buffer to remove the inducer aTc and then the cells were grown under repressed conditions for 20 generations. Upon addition of 200 ng/ml aTc, two distinct populations were evident ( Figure 7C ). Only 10% of the cells were highly fluorescent whereas about 90% of cells exhibited a low level of fluorescence similar to that of non-expressing cells.
The level of repression obtained with the araBAD promoter was also sufficient to prevent the accumulation of nonfunctional mutants during propagation in XL1-Red. Plasmid pB30D was transformed into XL1-Red and propagated for 100 generations. After induction with arabinose [0.2% (w/v)], flow cytometric analysis revealed the population to contain predominantly high-fluorescence cells ( Figure 7D ). However, in contrast to expression from P tet , induction did not affect cell viability. After a 6 h of induction, Ͼ90% of cells were PI-negative. Furthermore, the culture OD 600 continued to rise during the induction period.
FACS screening of randomized scFv(dig) libraries under tight expression control
Our early efforts to enrich highly fluorescent clones from large libraries of scFv(dig) mutants fused to Lpp-OmpAЈ and expressed constitutively from the lac-lpp promoter were unsuccessful (data not shown). Typically, after sorting and amplifying highly fluorescent cells, the frequency of fluorescent cells was found to decrease relative to that in the original library. For example, sorting of the library in recovery mode (required to collect the rarest members of a large population in the first round of sorting) followed by growth for~20 generations resulted in a 10-fold decrease in the number of highly fluorescent events (data not shown).
In contrast to the above results, tight regulation of LppOmpAЈ-scFv expression from the P BAD promoter enabled the isolation of high-affinity clones from random mutant libraries. An scFv(dig) library was created in pB30D using error-prone PCR (Cadwell and Joyce, 1992) , having a mutation frequency of 0.22%/bp. The library was amplified under repressed conditions and subsequently the cells were induced by adding 0.002% arabinose. After 6 h, the cells were labeled with 100 nM BODIPY-digoxigenin and analyzed by flow cytometry. Highly fluorescent cells comprised about 15% of the population ( Figure 8A ). One round of recovery mode sorting at a rate of 2000 s -1 yielded enriched populations containing Ͼ60% highly 619 fluorescent cells, consistent with the enrichment expected in the initial round of recovery mode screening (Boder and Wittrup, 1997a) . A second round of sorting under more stringent conditions yielded a population having homogeneously high fluorescence ( Figure 8B ). The dissociation rate constant of the population was determined by flow cytometry and was found to be comparable to that exhibited by the wildtype antibody. Two additional rounds of sorting were carried out using increasingly stringent conditions. In the third and fourth rounds, BODIPY-digoxigenin-labeled cells were washed twice with PBS, incubated for 20-30 min with 2 µM digoxin as a competitor and 1ϫ10 6 cells were sorted (1000 s -1 ) in the exclusion mode to achieve high purity. Sorted cells were amplified in liquid media and plated to isolate colonies. The dissociation rate constants of individual clones selected after four rounds were determined by flow cytometry (Figure 9 ). One of four clones (EP.5-4) had a slightly improved dissociation rate constant of k diss ϭ 0.0007 (Ϯ0.00006) s -1 relative to the wildtype [k diss ϭ 0.001 (Ϯ0.0001) s -1 ].
Discussion
We found that for efficient screening of random mutant libraries displayed on the surface of bacteria it is essential to employ an expression system that satisfies the following requirements: (i) tight regulation, (ii) moderate expression level in the induced state, (iii) minimal viability losses upon induction and (iv) homogeneous expression levels in single cells throughout the library population. Fortunately, the respective parameters could be monitored simultaneously by flow cytometry and thus we were able to develop an optimized expression system for library screening. In earlier studies, the surface displayed Lpp-OmpA-scFv(dig) fusion protein was expressed constitutively from the lpp-lac promoter (Francisco et al., 1993) . Because of the leakiness of the lpp-lac promoter, on average about 30 000 molecules of the anti-digoxin scFv were displayed Fig. 9 . Decay of mean fluorescence intensity as BODIPY-digoxigenin dissociates from whole cells expressing wild-type scFv(dig) (∆) and the mutant EP.5-4 (e) isolated using four rounds of FACS. Standard deviations were determined from quadruplicate measurements.
per cell. Constitutive expression of Lpp-OmpAЈ-scFv was found to result in growth inhibition and reduced culture viability. Nonetheless, it was possible to screen libraries generated by subjecting specific codons in the scFv to randomization using degenerate oligonucleotides (Daugherty et al., 1998) . These libraries were constructed using an NNS randomization scheme and as a result contain a relatively small fraction (1/32) of faster growing, nonsense mutants. In contrast, libraries of random mutants generated by E.coli mutator strains or by error-prone PCR contain a larger fraction of nonsense and frameshift mutants and therefore are more prone to degeneration due to outgrowth of non-expressing clones. Thus, an expression system providing tight repression is critical for preventing degeneration during the screening of random mutant libraries generated by error-prone PCR.
Using the araBAD expression system, antibody libraries created by error-prone PCR could be screened efficiently to isolate clones with improved ligand binding properties despite the presence of a large fraction (50%) of nonfunctional mutants in the library. When sorting at high throughput rates in recovery mode with a FACSort, each target cell collected is accompanied by 4-5 'carry-over' cells. In a library, a fraction of the carryover cells are likely to be clones having nonsense, frameshift or otherwise deleterious mutations. When expression is constitutive, these non-functional mutants have a growth advantage over the desired target cells. Because the sorted population typically consists of a few thousand cells in a large volume (50 ml), 20-30 generations are required before the culture reaches the stationary phase. During overnight growth in liquid medium, the desired target cells are diluted rapidly to the point where they are de-enriched, i.e. their frequency in the population becomes lower than their original library representation. In contrast, using the araBAD expression vector, two rounds of recovery mode sorting permitted the isolation of a uniform population having high fluorescence and dissociation kinetics similar to the wild-type. Two additional rounds of FACS, on the basis of hapten dissociation rate, enriched clones (EP.5-4) having slightly improved dissociation kinetics relative the wild-type scFv. Although large improvements were not obtained, screening a larger library, having an increased rate of mutagenesis, yielded greater affinity improvements after a single round of mutagenesis and selection (P. Daugherty, B.Iverson and G.Georgiou, in preparation) . Moreover, combining multiple beneficial mutations by shuffling scFv genes (Stemmer, 1994) will probably yield more dramatic, additive increases in affinity.
The ability to regulate protein expression tightly is essential for preventing growth competition between distinct library members. To evaluate the role of a tightly-regulated expression system in maintaining library diversity in a bacterial surface display format, we compared the fluorescence distribution of cultures expressing Lpp-OmpAЈ-scFv from different promoters after extended propagation in a mutator strain. Using the poorly repressible lpp-lac promoter, non-functional clones completely dominated the library population after 100 generations. In contrast, library diversity was maintained by tightly repressing expression from a tet promoter. However, addition of the inducer aTc gave rise to a population of highly expressing but mostly dead cells. Expression from an araBAD promoter in a low copy (p15A) vector provided the desired characteristics of tight repression, moderate rate of protein synthesis in the induced state without loss of culture viability and homogeneous expression (Figures 4-6 ). More importantly, at the point where maximum scFv expression was observed, flow cytometric analysis revealed that culture viability remained at a level comparable to uninduced cultures ( Figure 4A ). This result suggests that excessive protein synthesis rates, rather than the final expression levels, cause host toxicity and should be considered when attempting to optimize expression in E.coli. This observation is in agreement with previous studies in which the ratio of soluble to insoluble scFv expression in E.coli was dependent upon promoter strength (Kipiryanov et al., 1997) . Boder and Wittrup (1997a) analyzed the quantitative parameters that govern efficient screening of surface-displayed polypeptide libraries using FACS. In particular, the fluorescence signal-to-noise ratio (S r ) of cells expressing high-affinity polypeptides to non-expressing cells, defined as (S r ϭ MFLI o / MFLI f ), is critical to the success of FACS selection. Using monovalent ligands labeled with widely used fluorescent dyes such as fluorescein or the BODIPY family, it can be estimated that more than 10 000 fluorescent ligand molecules per cell must be bound by surface displayed polypeptides to achieve a sufficient fluorescence signal for FACS (Boder and Wittrup, 1997a) . In randomly mutated polypeptide libraries, improved variants occur rarely with respect to an excess of unmutated, wild-type clones. These rare desired mutants may be only slightly improved (1-3-fold) with respect to the over-abundant wild-type. Consequently, successful mutant isolation in a reasonable number of selection steps is dependent upon the value of S r . While the maximum fluorescence signal observed for the araBAD system was about three times lower than that obtained with the lpp-lac promoter, the background cellular autofluorescence also decreased twofold. Hence the fluorescence ratio is sufficiently high (S r ϭ 10) for efficient library screening using FACS (Boder and Wittrup, 1997a) . Further increases in the value of S r are expected to improve selection efficiency and may be necessary for the selection of poorly expressed proteins. Guzman et al. (1995) reported that when alkaline phosphatase was expressed from the araBAD promoter, its activity could be modulated over a 1200-fold range as a function of inducer concentration. However, subsequent studies showed that intermediate levels of expression reflect the average of two cell subpopulations corresponding to uninduced and fully induced cells (Siegele and Hu, 1997) . Our results support this finding ( Figure 5 ), demonstrating that the fraction of induced cells depends on both inducer concentration and induction duration. Surprisingly, this was also true for cells expressing Lpp-OmpA-scFv from the tet promoter, despite the fact that anhydrotetracycline is not known to induce the expression of an uptake system. These results may be explained by preexisting differences in the intracellular concentration of the tet repressor (TetR) among different cells of the population. In this case, when limiting amounts of aTc are added to the medium, only some cells will be capable of overcoming repression. Transcription can commence only when the concentration of inducer is sufficient to saturate a large fraction of TetR binding sites within a particular cell. Consistent with this idea, prolonged induction with intermediate inducer concentrations did not yield uniformly induced cultures with high fluorescence. Since uninduced cells possess a growth advantage relative to induced cells, partially induced cultures are not expected to become fully induced when using limiting inducer concentrations (Novick and Weiner, 1957) . On the other hand, saturating inducer concentrations yielded homogeneous populations exhibiting expression levels intermediate between those of induced and non-induced cells, dependent upon the time of induction (Figure 6 ). Thus, the length of the induction period may be used effectively to control the expression level. These results emphasize the importance of single-cell analysis in characterizing protein expression in a cell population. Flow cytometric analysis will need to be applied to other expression systems that reportedly allow an expanded regulatory range (Lutz and Bujard, 1997) to determine whether intermediate expression levels reflect a uniform cell population or whether they simply arise from the average of induced and uninduced cells, as was the case for the tet and araBAD promoters.
Overall, these results highlight the importance of single-cell expression level measurements when optimizing induction conditions from regulated promoters and the need for tight regulation in library expression vectors. The newly developed araBAD display vector allows efficient screening of scFv libraries, generated using error-prone PCR, for the isolation of clones with improved hapten dissociation kinetics.
